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Abstract

The submitted work observed Cu, Ni, and Zn effects on selected physiological and stress parameters of the alga Raphidocelis
(Pseudokirchneriella) subcapitata. In 96-h experiments, EC50 values for algal specific growth rates (SGR) inhibition in Cu, Ni,
and Zn presence were estimated as 0.15, 0.50, and 0.20 mg 1"". In addition to growth inhibition, the effect of metals at various
concentrations on algal SGR was also monitored. While these experiments confirmed approximately the same toxicity of Zn and
Cu on SGR, Ni toxicity on this parameter was observed as the lowest. In terms of the effect of metals on the level of selected
photosynthetic pigments, chlorophyll a, chlorophyll b, and carotenoids, the following inhibition orders can be established: Zn >
Cu > Ni, Ni > Cu > Zn, and Ni > Cu > Zn, respectively. As a novelty of our research, we included monitoring and evaluation of
the intensity of stress, which was the response of algal cells to the presence of Cu, Ni, and Zn, and its correlation with respect to
production factors and metal accumulation in algal cells. As stress factors, thiol (-SH) group and TBARS (thiobarbituric acid
reactive substances) as significant indicators of lipid level peroxidation were determined. The content of -SH groups depended on
the concentration of metal, and its level was the most stimulated by Zn, less by Cu and Ni. The TBARS content was 2 to 5 times
higher in Cu than in Zn or Ni presence. In the presence of Zn and Ni, TBARS content reached approximately the same levels. For
this parameter, the following rank order can be arranged: Cu >> Ni > Zn. While Cu and Ni accumulation in R. subcapitata was
confirmed, Zn accumulation was not determined or was below the detectable limit. Regression analyses revealed significant
positive correlation between Cu accumulation and TBARS while carotenoids as possible antioxidants confirmed with TBARS
mostly negative correlations.
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Introduction

Metal pollution of an aquatic environment is a persistent prob-
lem mainly in some rivers in undeveloped countries. Among
metals that frequently occur in freshwaters are Cu, Ni, and Zn.
While their concentrations in European rivers are considerably
variable with the maximum around 0.080, 0.010, and
0.005 mg 1! for Zn, Cu, and Ni, respectively, in the rivers
of undeveloped countries, the metals are usually present at
several times higher concentrations (Paul 2017). Their
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increasing levels may be harmful to all living organisms, in-
cluding water phytoplankton situated at the beginning of the
water food chain, and they create ecological, evolutionary,
nutritional, and environmental problems. Many metals, such
as Co, Cu, Cr, Fe, Mg, Mn, Mo, Ni, Se, and Zn, are introduced
as trace elements required for various biochemical and phys-
iological functions (Tchounwou et al. 2012); however, they
are also associated with toxicity when their level in the envi-
ronment increased and overreached essential concentration.
Many sources have presented that Cu and Zn are essential
for all species of phytoplankton (Liu et al. 2014); however, Ni
is required only for prokaryotic phytoplankton such as
cyanobacteria (Muyssen et al. 2004). Although Cu, Ni, and
Zn are essential metals, they can also affect toxically at higher
concentrations. Ecotoxicological tests of metal ions on green
freshwater algae provide not only an estimation of the risk
associated with metal toxicity to wild freshwater biota
(Torres et al. 2008) but also the determination of
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phytoplankton’s ability to survive and produce biomass under
stressful conditions. This can be helpful in the use of algae in
bioreactors for the decontamination of municipal wastewaters
(Malik 2004).

Determination of the half-maximal effective concentration
of metal (EC50) is very useful for the estimation of metal
toxicity (OECD 201 2002). Based on the EC50 values of
Cu, Ni, and Zn determined for growth inhibition of some
green algae species in 96-h tests, several authors have sug-
gested that Cu is more toxic than Ni or Zn (Geis et al. 2000;
Pereira et al. 2005; Magdaleno et al. 2014). The order of Ni or
Zn in their toxicity on algal growth is not quite clear. While
the first group of researchers (Geis et al. 2000; Magdaleno
et al. 2014) have asserted that Zn is more toxic than Ni, the
second group (Mehta and Gaur 1999; Pereira et al. 2005) have
conversely maintained that Ni reduces algal growth more than
Zn. Algal growth and biomass production are extraordinarily
dependent on the efficiency of photosynthesis, which is
regulated by the level of photosynthetic pigments presented
in an algal cell. As Soto et al. (2011) have previously men-
tioned, metal ions can significantly inhibit the effectivity of
photosynthesis. Some authors have reported that intracellular-
ly presented metal ions cause the deformation of chloroplasts,
including changes in the arrangement of thylakoids of algae
such as Chlorella vulgaris or Raphidocelis subcapitata
(Carfagna et al. 2013). Other authors have noticed that zinc
ions (Zn) can inhibit the activity of enzymes that use divalent
cations (Fe and Mg) as a cofactor for chlorophyll biosynthesis,
and this can result in reduced production of photosynthetic
pigments (Ikegami et al. 2005). Moreover, Kiipper et al.
(1996) presented that divalent metal ions such as Cu, Ni, or
Zn can limit photosynthesis efficiency by substituting and
replacing Mg in the porphyrin structure of chlorophylls.
Consequently, the activity of metal ions reduces the function
of chlorophylls as well as chlorophyll production. Piovar et al.
(2011) mentioned that chlorophyll b is less sensitive to the
presence of toxic metal concentrations than chlorophyll a;
therefore, the production of chlorophyll b can be increased
to ensure relatively effective photosynthesis under stressful
conditions. However, chlorophylls are important for photo-
synthesis since autotrophic organisms synthesize other pig-
ments as well, e.g., carotenoids. Carotenoids are supplemen-
tary pigments and belong to non-enzymatic antioxidants
(McElroy and Kopsell 2009; Tan et al. 2020). They are essen-
tial for cell detoxification and participate in the termination of
the lipid peroxidation chain (Karuppanapandian et al. 2011).
The Chlorophyceae are generally believed to have the same
major pigments as the higher plants and a list of observed
carotenoids among species of this class are published by
Rowan (1989). Although the reduction of the carotenoids con-
tent is the standard answer of green algae to the toxicity of
metals in short-time experiments, phytoplankton can also in-
crease their content in the reactive oxygen species (ROS)

detoxification process (Bossuyt and Janssen 2004; Takaichi
2011; Miazek et al. 2015). Moreover, organisms such as algae
also defend themselves against metal toxicity and ROS stress
by producing specific substances associated with increased
thiol group formation. While glutathione is preferentially in-
cluded in ROS detoxification, phytochelatin neutralizes the
charge of the metal (Le Faucheur et al. 2006). Stimulation of
cell defensive mechanisms depends on the level of metal in
cells or can be limited by the adaptability of organisms to
metal and ROS stress. Insufficiently activated defense against
ROS stress can result in lipid peroxidation and other intracel-
lular damages.

While the research of metals in plants is focused on more
parameters (Adamczyk-Szabela et al. 2017, 2020), in the al-
gae, research is mostly focused on the specific growth rate
(SGR) inhibition, biomass, and uptake of metals (e.g.,
Bossuyt and Janssen 2004; Chakraborty et al. 2010; Al-
Hasawi et al. 2020). The main goals of this research were
the study of heavy metal effects (Cu, Ni, and Zn) on the basic
parameters of R. subcapitata like SGR and photosynthesis
level (chlorophyll a, chlorophyll b, and carotenoids) that are
parameters known from the standardized protocols like EN
ISO 8692 (2012), OECD 201 (2002), or U.S. EPA712-C-
96-164 (1996). Because metals can directly (like Cu) or indi-
rectly (like Cd or Zn that are not typical redox active elements)
increase oxidative stress levels, we focus to study two basic
parameters that are mostly used in the experiments: thiobarbi-
turic acid reactive substances as a parameter of
lipoperoxidation (TBARS) and thiol protein groups (-SH) as
parameter of protein oxidation. Thiol groups are changing as
one of the most relevant parameters mostly in animals and
plants, and proteins after exposure to metals and these factors
are very rarely studied in algae (e.g., Karuppanapandian et al.
2011). Therefore, our research was focused on monitoring of
such stress reactions and the correlation evaluation of the re-
lationships between production and stress factors. Focusing
on these parameters of oxidative stress is a novel and spread
the complexity of our research.

Material and methods
Algal culture and composition of test medium

Green freshwater alga Raphidocelis subcapitata (Korshikov)
Hindék, 1990 (synonym Pseudokirchneriella subcapitata,
CCALA 433) from the collection at the Institute of Botany
ofthe Czech Academy of Science in Tfebon (Czech Republic)
was used in the tests. The test medium was prepared according
to the STN EN ISO 8692 (2012) standard that is comparable
to the OECD 201 (2002) guideline. Composition of the test
medium was as follows: macronutrient, NaHCOj:
595.17 pmol 17" (50 mg 1""); NH4CI: 280.37 pmol 1™
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(15 mg 1'"); MgCl.6 H,0: 59.02 pumol 1" (12 mg 1I");
CaCl,.2 H,0: 122.38 pumol 1" (18 mg 1™"); MgS0,.7 H,0:
60.85 umol 1" (15 mg I'"); K.HPO,4: 9.16 umol 17! (1.6 mg
1""); micronutrient, FeCl;.6 H,O: 0.30 umol 1! (0.08 mg1™");
Na,EDTA.2 H,0: 0.27 umol 1" (0.1 mg 1""); H3BOs:
2.99 umol I"! (0.185 mg 1™); MnCl,.4 H,0: 2.10 pmol 1™
(0.415 mg 1"); ZnCly: 0.02 umol 17" (3 x 107> mg I'");
CoCly.6 H,O: 0.01 umol 1" (1.5 x 107 mg I'"); CuCl,.2
H,0: 6 x 107> pmol 1" (1 x 107° mg I'"); Na,M00,.2
H,0: 0.03 pmol 1! (7 x 1073 mg ). In these tests, the pH
of medium was determined as 7.78 + 0.28, and this value was
at the end of experiments shifted to neutral or slightly acidic
level. The changes in pH value did not exceed the limit
specified in standardized norms like OECD 201 (2002) and
STN EN ISO 8692 (2012).

Chemical and test design

The tested metals were added before the application of algal
suspensions and used as chlorides (NiCl,.6 H,O (Lachema,
Czech Republic, p.a.), ZnCl, (Merck, Germany, p.a.),
CuCl,.2 H,0O (Merck, Germany, p.a.)), which were dissolved
in distilled water. Fourteen Cu concentrations in the range
0.03-1.86 mg I"' (0.53-29.33 pmol I'"), sixteen Ni concen-
trations in the range 0.05-1.98 mg 1! (0.84-33.66 pmol 1),
and twelve Zn concentrations in the range 0.05-1.58 mg 1"
(0.73-24.20 pmol 17" were used in the tests for estimation of
ECx values for algal specific growth rate inhibition. From the
concentrations used to determine the ECx values, 7 concen-
trations of each metal in the range 1.5-24.0 pmol 1" (0.093—
1.525 mg "' for Cu; 0.100-1.480 mg "' for Ni; 0.100—
1.580 mg 1! for Zn) were selected and used for the determi-
nation of a specific growth rate, photosynthetic pigments, -SH
groups, and TBARS content.

Cultivation management

Algal cells were added to 100-ml Erlenmeyer flasks with
50 ml of medium, and the initial algal density was 1.10° +
6000 cells mI™'. During the tests, algal culture was kept for
96 h under constant conditions—illumination 1700 lux
(22.1 pumol s ! mﬁz), temperature 24 + 1°C, and light/dark
period of 18/6 h (STN EN ISO 8692 2012). During cultiva-
tion, the cultures were mixed in a shaker (Biosan Multi-
Shaker PSU 20, Riga, Latvia).

Measurement of physiological and stress parameters

The standard STN EN ISO 8692 (2012) was used for the
determination of a specific growth rate (SGR), which was
measured once a day. Other parameters were determined after
96 h of the tests. Based on the previous determinations, the
metal concentrations were selected to assess of algal specific
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growth rate (SGR) (OECD 201 2002; STN EN ISO 8692
2012). The specific growth rate was determined for each con-
centration once a day.

Specific growth rate

The algal cell number was determined before the calculation
of the specific growth rate (SGR). There was a regression
analysis applied for obtaining a regression functions for the
calibration curve that expressed the dependence between the
absorbance (at wavelengths 750 nm, where distilled water was
used as reference) of the algal suspension and algal cell count.
The microscopic method of counting of cells in the Biirker
chamber was used for the detection of algal cell numbers for
each diluted and spectrophotometric measured sample at
wavelength 750 nm. The algal cell count in the ecotoxicolog-
ical tests was expressed as the number of cell per ml (cells
ml™") and calculated by a modified regression function:

N = (Ass +4.881x 107)/1.555x 107"

where N is the number of cells per ml and A5 is the absor-
bance of algal suspension determined at wavelengths 750 nm.

When the number of algal cells in the tests was established,
the specific growth rate of algal suspensions was calculated
according to the equation:

n= (InNj-In Ni) /((tj-t) (days))

where p = SGR is the specific growth rate (d"), N the number
of algal cells at time j of the test, N; the number of algal cells at
time i, t; the moment time at the end of the period, and t; the
moment time at the start of the period.

Then the inhibition of SGR was calculated as follows:

I (SGR—Ti) = 100 x (SGR (control)~SGR (Ti))/SGR (control))

where [ is the inhibition of SGR in percent, SGR is the specific
growth rate, and Ti is the tested concentration of the metal.

Photosynthetic pigments

Content of photosynthetic pigments (chlorophyll a, chloro-
phyll b, and carotenoids) was measured spectrophotometrical-
ly where 95% ethanol was used as a reference. For these
determinations, 4.5 ml of algal suspension was centrifuged
at 4000 RPM (2000g) for 15 min, the supernatant was re-
moved, and 3 ml of 95% ethanol and glass balls were added
to the pellet. The suspension was vortexed and then centri-
fuged at 4000 RPM (2000g) for 3 min. The absorbance of the
supernatant was immediately measured at the wavelengths
665, 649, and 470 nm. Pigment concentrations were calculat-
ed according to the equations presented by Lichtenthaler and
Wellburn (1983):
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chlorophyll a (Chl a) = 13.95 Ags5—6.88 Agao,
CthI‘OphyH b (Chl b) = 24.96 A649—7.32 A6657
carotenoids (Car) = (1000 A47o-2.05 Chl a—114.8 Chl b)/245,

and calculated for algal suspension density.

Thiol (-SH) groups

The thiol (-SH) group concentration was determined spectro-
photometrically in 0.5 ml ethanol algal extract, to which
0.1 ml DTNB solution (20 mmol dm* in ethanol) was added
and vortexed for 15 s (Vortex mixer Gemmy UM-300,
Twain). Before the assay, the suspension was stored in the
dark at room temperature for 45 min, and then the absorbance
at 412 nm was measured. Ethanol was used as the referenced
substance (Viner et al. 1997).

TBARS

TBARS (thiobarbituric acid reactive substance) content was
determined according to Heath and Packer (1968). This meth-
od measures the level of lipoperoxidation which at the end
most relevant product is malondialdehyde (MDA). In this
procedure, 1.0 ml of 20% (w/v) TCA + 0.5% (w/v) TBA
solution (trichloroacetic acid + thiobarbituric acid) and
0.1 ml of 4% BHT (butylated hydroxytoluene) were added
to 3 ml of ethanol algal extract. This mixture was stirred and
incubated in a 90 °C water bath (VWR Unstirred Water Baths,
VWB 2) for 30 min. Subsequently, the mixture was cooled in
ice water for 10 min and then centrifuged at 4000 RPM
(2900¢) for 10 min. Absorbance was determined at 532 nm,
and distilled water was used as a reference.

Thiol and TBARS concentrations were calculated according to
Lambert-Beer law at extinct coefficient 13600 1 mol ' cm™ and
0.155 dm® mol™' em', respectively, and converted to algal
suspension.

Heavy metal accumulation determination

Minimum of 0.69 mg of algae dry mass was mineralized in the
mixture of HNOs:H,O, (5 ml; 4:1) during the night and then for
60 min at 180°C in ZA-1 autoclave (Czech Republic). After
cooling, the mineralized samples were diluted up to 25 ml with
distilled water and measured by galvanostatic-dissolved
chronopotentiometry on EcaFlow 150 GLP (Istran, Slovak
Republic). This method is comparable with the method of AAS
in the precision, accuracy, and sensitivity of measured results be-
cause reproducibility of this method is 2.5% at 50 pg 1" for Ni(II)
and, for method, where Cu Zn is measured with Cd and Pb, is
1.5% at 50 pg 1! for Pb (Application list No. 65 n.d.-a, and 67

n.d.-b from https:/www.istran.sk; Pirselova et al. 2010; Tkacova
et al. 2012; Manova et al. 2017).

Statistical analysis

ECx values for inhibition of algal suspension were estimated
by Probit analysis and a confidence interval (95% CI) was
determined for EC50 as a mean of a normal distribution of
Cu, Ni, or Zn ECx concentrations. The obtained results were
compared with the control and statistically evaluated by
Student’s t-test. Dependence between the metal concentra-
tions and examined parameters was assessed by correlation
analysis according to Pearson. Statistical analyses and graphs
are made in software MS Excel (Microsoft, USA).

Results

Estimated ECx values, specific growth rate, and
photosynthetic pigment content of R. subcapitata
under metal stress

Estimation of the effective concentration (ECx) of toxic sub-
stances is essential for ecotoxicological testing (OECD 201
2002). ECx values were estimated for algal specific growth rate
inhibition as EC25, EC50, and EC75 values. These EC values
expressed concentrations that caused 25, 50, and 75% SGR in-
hibition after 96-h exposure to Cu, Ni, or Zn (Table 1). For the
SGR of algal suspension, Cu was determined as the most toxic
among the tested metals. Therefore, metal effectivity to induce
SGR inhibition increases in this order: Ni < Zn < Cu.

Although Cu concentration in the range 0.093-0.373 mg
1! (except of 0.224 mg 1) stimulated the algal specific
growth rate during the first exposure hours (Fig. 1a), in the
following hours, the SGR was already reduced. Finally, the
Cu concentrations 0.149, 0.224, 0.261, and 0.373 mg !
caused after 96 h a decreasing SGR by 45, 74, 67, and 72%
of the control, respectively (Fig. 1a). Other Cu concentrations
such as 0.745 and 1.491 mg 1" reduced algal SGR already at
the time of 24 h after exposure to the metal (Fig. la).
Subsequently, these Cu concentrations reduced SGR by 74—
80% of the control after 96 h of exposure (Fig. 1a).

Table 1 Estimated EC25, EC50, and EC75 values for algal SGR
inhibition of R. subcapitata suspension after 96-h exposure to Cu, Ni,
and Zn (Cl—confidence interval)

Cu (mgl ™ Ni (mg1™ Zn (mgI™h
EC25 0.09 0.18 0.12
EC50 0.15 0.50 0.20
(95% CI) (0.08-0.27) (0.27-0.90) (0.13-0.32)
EC75 0.22 0.90 0.40
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Fig. 1 Specific growth rate (SGR) and photosynthetic (PS) pigments
content after 96-h exposure of R. subcapitata to Cu, Ni, and Zn. The error
bars indicate mean £ SD (n = 6). The symbols such as the asterisk, circle,

Stimulation of SGR was also shown in the tests with Ni at
all applied concentrations after 24-h exposure, and a statisti-
cally significant inhibitory effect of all tested concentrations
on SGR occurred only after 96 h of exposure (Fig. 1¢). When
Ni was used in a concentration of 0.494, 0.741, and 1.482 mg
1!, the first inhibitory effect was observed after 48 and 72 h,
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and number sign define the statistical significance for each determined
parameter in comparison to control. Statistical significance is at *P <0.05,
**P <0.01, and ***P < 0.001 level.

respectively. In the highest tested concentration (1.482 mg
1), SGR achieved approximately 57 and 34% of the control
after 72 and 96 h of exposure, respectively.

After 24-h exposure of algae to selected concentrations of
Zn, no SGR stimulation in comparison to control was deter-
mined (Fig. 1e). The effect of higher Zn concentrations was
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already inhibitory (Fig. 1e). With prolonged exposure, all used
Zn concentrations reduced SGR statistically significantly.
When Zn was used at the highest concentration (1.583 mg
1", inhibition of SGR was obtained after 96-h exposure up
to 85% of the control (Fig. 1e). This indicates for this concen-
tration a very strong stressful effect of Zn on algal growth.

Photosynthetic pigments (chlorophyll a, b, and caroten-
oids) are relatively sensitive to metal stress. Production and
intracellular concentrations of pigments usually decrease in
toxic levels of metal ions.

Chlorophyll a (Chl a) is one of the most important pigments
involved in photosynthesis. The intracellular concentration of
Chl a was significantly decreased in the presence of all tested
metals (Fig. 1b, d, ). A very strong inhibitory effect of all
metals appeared at their concentration of 0.22, respectively,
0.24 mg 171, when Chl a content reached at maximum, 70% of
the control. Zn was confirmed to be the most toxic. The
weakest toxic effect of Chl a was observed in the test with
all used Ni concentrations. The inhibitory rank order for Chl a
production could be arranged as Zn > Cu > Ni.

The Cu, Zn, and Ni in all applied concentrations signifi-
cantly reduced (P < 0.001) chlorophyll b (Chl b) content (Fig.
1b, d, f). However, at low concentrations, the inhibition of Chl
b production was stronger than that of Chl a mainly for Cu and
Ni; the differences in the effect of the individual concentra-
tions for all tested metals were smaller than those for Chl a.

Cells usually enhance the carotenoid (Car) level in the de-
fense process against ROS; however, under extremely stress-
ful metal conditions or in short-term exposure to metals, ca-
rotenoids production may either stagnate or decline. The Cu,
Ni, and Zn used in our tests fully confirmed this tendency (Fig.
1b, d, f). While most of the metal concentrations from
0.149 mg 1"! significantly inhibited carotenoid production,
the effect of lower concentrations was stimulatory or insignif-
icant (Fig. 1b, d, f). The strongest inhibitory effect on Car
production was confirmed for Zn at concentrations of
0.408 mg 1" and greater (Fig. 1f).

Substances involved in stress reactions and heavy
metal bioaccumulation

Glutathione and phytochelatin are also involved in the detoxifi-
cation processes in cells. Their intracellular production can arise
when cells are exposed to metals, causing oxidative stress. These
substances are included among thiols, and their production was
detected by determination of the level of reduced -SH groups in
our experiments. As is presented in Fig. 2a, ¢, and e, the level of
reduced -SH groups progressively increased with increasing met-
al concentration. Since the increased production of -SH groups in
the presence of Cu and Zn appeared already at lower concentra-
tions (0.149 and 0.192 mg l_l), it can be concluded that these
metals caused stronger oxidative stress than Ni (Fig. 2a, c, e).

Lipid peroxidation of cells results mainly from oxidative
stress, and the level of stress in the presence of metals was
determined through TBARS level, which reached in the con-
trol 0.060 mol.10™° cells (Fig. 2b, d, f). For Cu in the lowest
used concentration (0.093 mg '), the TBARS level doubled
(Fig. 2b). Moreover, TBARS production increased exponen-
tially with increasing Cu concentration, and at the three
highest Cu concentrations, the TBARS level was 10-fold
higher than that in the control (Fig. 2b). Statistically signifi-
cant differences in TBARS levels were also detected in Ni and
Zn presence in all tested concentrations; however, these
metals increased the TBARS level only slightly compared to
Cu (Fig. 2d, f). The results confirmed that Cu induced very
strong oxidative stress.

In Table 2 the concentrations are introduced corresponding
to EC25, EC50, and EC75 values and the amounts in which
they accumulated in algal cells. While Cu and Ni presence in
R. subcapitata cells was confirmed, zinc content in the cells
was below the detection limit of used method. The same sit-
uation was observed for Ni at the concentration 0.490 mg 17"

Correlation analysis

Correlation analysis and correlation matrix for the studied
parameters for each metal are introduced in Table 3. For metal
accumulation were used concentrations and data from Table 2.
Because for Zn we were not able to confirm its presence in the
algal cells, the correlation coefficients for Zn accumulation
and other observed parameters could not be calculated
(Table 3). While Cu presence has a significant negative impact
on SGR, Ni did not prove effect to growth of R. subcapitata in
regression analysis. For all studied metals, the statistically
significant positive correlation between Chl a and Car content
was confirmed (Table 3). While for all metals a negative cor-
relation among SGR and TBARS or Car was observed, highly
positive statistically significant (P <0.01) correlation was con-
firmed between thiol (-SH) group and TBARS.

Discussion

Estimated ECx values and specific growth rate (SGR)
of R. subcapitata under metal stress caused by accu-
mulated metal

Based on the EC50 values estimated during our study, the
order Cu > Zn > Ni was provided for the ability of the metal
to induce algal SGR inhibition (Table 1). This order corre-
sponds to the results presented by Geis et al. (2000) or
Magdaleno et al. (2014) for R. subcapitata in 96-h tests
(Table 4). Other authors have concluded that Ni is for algae
more toxic than Zn; therefore, they have established the order
as Cu > Ni > Zn (Pereira et al. 2005; Al-Hasawi et al. 2020).
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Fig.2 The thiol (-SH) groups and TBARS content in R. subcapitata cells after 96-h exposure to Cu, Ni, and Zn in various concentrations. The error bars
indicate mean + SD (n = 6). Statistical significance is at *P < 0.05, **P < 0.01, and ***P < 0.001 level, respectively.

Lin et al. (2020) used Scenedesmus obliquus in which they
tested the inhibition of SGR and observed the following rank:
Ni > Cu > Zn. When the estimated EC25 values (for Cu, Ni,
and Zn as 0.09, 0.18, and 0.12 mg 1_1, respectively) were
compared with Cu, Ni, and Zn concentrations detected in

wastewaters by Ustiin (2009) (0.012-0.179 mg I'! of Cu,
0.059-0.202 mg 1! of Ni, and 0.303-0.982 mg I of Zn), it
can be concluded that R. subcapitata could survive relatively
well in wastewaters contaminated with Cu and Ni. Zn is
especially toxic in these waters. Pereira et al. (2005) reported

Table 2 Bioaccumulation of Cu,

Ni, and Zn in R. subcapitata cells Cu Ni Zn

after 96-h exposure to Cu, Ni, and

Zn (nd not detectable) c(mgl™ 0.093 0.149 0224 0250 0490 0900 0.190 0240 0410
c(ugmg 'drymass) 0.159 0389 1.126 0023 nd 0496 nd nd nd
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Table 3 Correlation matrix for

studied parameters in SGR Chla Chlb car -SH TBARS

R. subcapitata after exposure to

Cu, Ni, or Zn. Cu
Cu accumulation ~ —0.9340%#*  —0.9305***  —(0.7528%  —0.8718**  (.9655%** 0.9442%*
SGR 0.9418%** 0.3854 0.9644%*%  —0.9767***  —(0.8750%*
Chl a 0.6452 0.9388***  —(.8783%** —0.8236*
Chl b 0.3710 —0.2497 —0.2035
Car —0.9294***  —().8836%*
-SH 0.9179%*
Ni
Ni accumulation  0.1674 —0.4655 —0.6487 —0.4624 -0.4721 —0.0691
SGR 0.7338* 04772 0.5518 —0.9485***  —(.9714%**
Chl a 0.9175%*  (0.8993** —0.5181 —0.8352%*
Chl b 0.7864* —0.2601 —0.5930
Car -0.2741 —0.6903
-SH 0.8626%*
Zn
Zn accumulation - - - - - -
SGR 0.894 7+ 0.7718* 0.9361%*%  —0.9467***  —(.9826%**
Chl a 0.7938* 0.9478***  —(.8291* —0.8884%*
Chl b 0.8114* —0.6922 —0.7360%*
Car —0.9367***  —().9394%**
-SH 0.9388***

SGR specific growth rate, Ch/ a chlorophyll a, Chl b chlorophyll b, Car carotenoids. Pearson’s correlation
coefficient is significant at *P < 0.05, **P < 0.01, and ***P < 0.001 level

that concentrations corresponding to our estimated EC75
values strongly inhibit the growth of algae and increase the
formation of defense agents, inducing stress. Toxicity of Cu,
Zn, and Ni on specific growth rate of 8 freshwater algal
species also introduced Fettweis et al. (2021) who, in addition
to the effect of individual metals, also monitored the effects of
their binary mixtures depending on the concentrations in
which the metals entered into interactions and on algal
species.

The weakest toxic effect of Ni (Fig. la, c, e) was also
confirmed in the assessment of the SGR, which coincides with
the results presented in the work of Lukavsky et al. (2003).
Different results were obtained by Mehta and Gaur (1999) in
96-h test for Chlorella vulgaris, for which Zn was less toxic
than Cu and Ni. The structural composition of a cell wall,
metal transporters equipment, metal potential of ionic mimic-
ry, or metal essentiality are crucial for metal uptake by algae
and their accumulation into cells (Domozych et al. 2012).
While Ni has never been presented as an essential metal for
alga R. subcapitata, the importance of Cu and Zn in the nutri-
tion of green freshwater algae has been published several
times (Boer et al. 2014). Cu and Zn are therefore required
for the growth and development of algae, and thus the mech-
anisms of their intake are more developed than that for Ni.
Because Cu and Zn are received more effectively, these metals
can accumulate in the algal cells and manifest as being more

toxic than Ni. These affirmations are entirely or partly sup-
ported by some papers (Ardestani et al. 2014; Zeraatkar et al.
2016); however, other authors (Mehta and Gaur 1999) have
pointed out that the algal intracellular metal concentration de-
creased in the rank order Cu > Ni > Zn (Al-Hasawi et al.
2020). As a consequence, we did not exclude the opportunity
that the accumulation of Ni can be preferred by algae more
than that of Zn. In this case, Ni toxicity should be reduced by
greater activity of algal defense mechanisms when compared
to Zn. Although the content of carotenoids during our study
was in most cases in Ni presence higher than that of Zn (Fig.
1d, ), -SH group, concentrations did not follow this trend, and
their concentration was higher in tests with Zn (Fig. 2c, e).
Based on these results, R. subcapitata probably accumulates
Ni less than Cu, what is shown in Table 2. However,
we cannot conclude the same for Zn that was not con-
firmed by the measure of electrochemical method with
EcaFlow. Due to our knowledge, Zn accumulation in
R. subcapitata was not measured, yet. For this reason,
it is hard to compare our observation with other authors.
Gao et al. (2016) also observed decrease of cell density
of R. subcapitata in the presence of Zn, and that was
observed in our experiments, too. Their EC50 value for
cells with zinc and no phosphorous supply was calcu-
lated to 0.121 mg "', and that is in the range of con-
fidence interval for our observation (Table 1).
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The toxicity of metals to R. subcapitata can be influenced
through more parameters, e.g., the presence of essential ele-
ments or pH value. Heijerick et al. (2002) observed Ca, Mg,
Na, and K effects on Zn toxicity to this alga in the range of
5.5-8.0 pH values (Table 4). These authors confirmed that
while K presence did not influence Zn toxicity to
R. subcapitata competition between H* and Zn** reduced zinc
toxicity. While at pH 5.6, the authors observed 72-h EbC50
Zn** activity with the value 2.45x10 ° mol I, at pH 7.8, this
value decreased up to 8.93 x10 % mol I"! (Heijerick et al.
2002). In our experiments, we started at slightly basic pH
(7.78+0.28). At the end of our experiments was the pH value
slightly shifted to neutral or slightly acidic conditions. While
in the standardized norms like OECD 201 (2002) and STN
ENISO 8692 (2012), norm is the condition that the control pH
value does not change more than 1.5 units from the start to
finish of experiment. This condition was kept. The pH chang-
es were below 1.5 units. This requirement is essential because
acidic conditions can change the toxicity and bioavailability of
many metals. They are more bioavailable in the environment
and more toxic to biota. Toxicity of Ni on R. subcapitata was
decreased when Deleebeeck et al. (2009) increased Mg con-
centrations up to 5 mmol I (72-h ErC50 = 1120 pg Nigigs ™
or decreased pH value from 8.0 (72-h ErC50 = 145 pg Nig;g
1) to 6.4 where 72-h ErC50 = 145 pg Nigis I”' (Table 4).

Photosynthetic pigments content

Metal ions can interact with substructures in the intracellular
space, and this usually results in the inhibition or inactivation
of important biological processes including photosynthetic
pigment production (Table 4; Soto et al. 2011; Carfagna
et al. 2013). The relationship between the content of pigments
and photosynthesis activity, as well as the development of
algal biomass, is very close (Miazek et al. 2015). Thus, bio-
mass production should predictably decline with the decrease
of photosynthetic pigment production or concentration.
Nevertheless, Cypaité et al. (2014) presented that photosyn-
thetic pigment production is more sensitive to the toxicity of
metal ions than algal growth. Different influence of metals on
the growth and photosynthesis activity in metal presence also
confirmed for C. vulgaris Ouyang et al. (2012) and for
Spirulina platensis Akbarnezhad et al. (2020). While algal
SGR can still be stimulated by lower metal concentrations,
chlorophyll production can be reduced already at low concen-
trations. This statement was confirmed only for Chl b in our
tests (Fig. 1b, d, f). For example, the lowest used metal con-
centration (approximately 0.09 mg 1) reduced SGR by at
most 36% (at 24 h in the presence of 0.096 mg Zn "' in
Fig. 1e); Chl b content was reduced by 43 up to 66% of the
control (Fig. 1a—f). Among the tested metals, Zn had the stron-
gest toxic effect on Chl a production, but this was not con-
firmed in the correlation matrix in Table 3 due to the missing/

@ Springer

not detectable presence of Zn in the cells. A negative correla-
tion was calculated for Cu and Ni for both chlorophylls
(Table 3). When Chakraborty et al. (2010) applied Cu, Ni,
and Zn individually at a concentration of 0.60 mg 1" (approx-
imately 9.6 umol 1) on phytoplankton, the descending rank
order for Chl a was established as Cu > Zn > Ni. This is
slightly different from the order determined for this parameter
in our tests, where Zn was observed to be the most toxic. For
the alga R. subcapitata, a strong adverse effect of Zn on Chl a
production was also confirmed by Atay and Ozkoc (2010).
Fargasova et al. (1999) presented an adverse effect of Ni on
Chl a production in the alga Scenedesmus quadricauda, which
was lower than that of Cu, and these results correspond to
ours. When Danilov and Ekelund (2001) observed the photo-
synthetic efficiency of Chlamydomonas reinhardtii in short-
term exposure experiments, they confirmed that Cu in con-
centration 0.10 mg "' (1.6 pmol 17") reduced this parameter
by 10% of the control, but the same concentration of Ni or Zn
had a stimulatory effect and efficiency that surpassed the con-
trol by 60%. Stimulation of photosynthetic pigment produc-
tion by 47% of the control in the test at low Ni concentrations
(0.1-10.0 umol ") on phytoplankton was also mentioned by
Miazek et al. (2015). The stimulation of both chlorophyll pig-
ments by Ni was not confirmed in our test (Fig. 1d). Already
the lowest applied Cu concentration 0.093 mg 1" (1.47 pmol
171) inhibited Chl a content, which decreased to the control by
21%. Therefore, these results correspond to those of Danilov
and Ekelund (2001) or Miazek et al. (2015).

Piovar et al. (2011) presented that chlorophyll b (Chl b) is
less sensitive to toxic metals than Chl a, and photosynthetic
organisms can increase the Chl b level to provide relatively
effective photosynthesis in the protection process. Slight in-
crease in Chl b content in C. vulgaris is also introduced by
Kondzior and Butarewicz (2018). These authors observed that
in the presence of Cu, carotenoids content was reduced, while
the ratio of overall chlorophyll to carotenoids was increased.
The stimulatory effect of metals on Chl b production was also
observed by Wong and Chang (1991). These authors men-
tioned that Ni concentration from 0.10 to 1.00 mg 1! (1.7 to
17.0 umol 1) significantly enhanced Chl b production in
Chlorella pyrenoidosa in its log phase. On the contrary to
these statements, Chl b content in our tests was in some cases
reduced more than that of Chl a (Fig. 1b, d, f). However,
Aggarwal et al. (2011) suggested that metals usually affect
the decrease of Chl b content and this corresponds to our
results. FargaSova et al. (1999) concluded that the Cu adverse
effect on Chl b production in alga Scenedesmus quadricauda
is stronger than that of Ni, and this result is completely con-
trary to ours. When the adverse effect of Cu on Chl b content
was compared with that of Zn (Fig. 1b, f), the Zn inhibitory
effect was higher only in concentrations of 0.186 and
1.583 mg 1_1, and therefore, Cu was more toxic. This does
not correspond; however, it is with the conclusions of Mosleh
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and Mofeed (2014). Nguyen-Deroche et al. (2012) suggested
that the effect of metal on chlorophyll production is strongly
dependent on phytoplankton species and that the mechanism
of metal impact on chlorophyll amount is not completely clear
at this time (Fettweis et al. 2021).

Some papers have presented that carotenoid concentration
increases under unfavorable conditions, whereas other sources
have pointed out that carotenoid levels can also decrease in the
presence of extremely high metal concentrations or short-time
tests, in which algae do not have enough time to adapt to stress
conditions (Bossuyt and Janssen 2004; Karuppanapandian
et al. 2011; Miazek et al. 2015; Kondzior and Butarewicz
2018). This type of stimulation or depression of carotenoid
content was also observed in our experiments. While lower
metal concentrations (0.093 mg Cu ") stimulated the content
of carotenoids (Car), higher concentrations had a toxic effect
on algae for the renewal of Car production in a relatively short
time (Fig. 1b). Similarly, Chakilam (2012) observed that Cu
and Zn at a concentration of 1 mg I'! (16 umol 171) after 96 h
did not reduce the carotenoid content of cyanobacteria
Anabaena oryzae and Tolypothrix tenuis; however, their
higher concentrations (10 and 100 mg 1') already had a sig-
nificant adverse effect. Bossuyt and Janssen (2004) observed
that Car production in R. subcapitata after a week of exposure
to Cu at 0.10 mg "' (1.6 umol 1) concentration was en-
hanced up to six times, and this in part corresponds to the
results obtained in our experiments, where the same Cu con-
centration enhanced the Car content only by 5% of that in the
control.

Substances involved in stress reactions

In the presence of toxic compounds, algae tend to protect
against their toxic effect that is often connected with increased
oxidation stress level in the cells. One of the first changes that
can be observed at the thiol (protein) levels include glutathi-
one (Guo et al. 2020). Metal ions including as well as bivalent
Cu, Ni, and Zn have a high binding affinity to -SH groups, and
so metals usually interact with glutathione (GSH), which can
lead to disruption of the antioxidant system (Perales-Vela
et al. 2006). However, cells can increase this GSH level in a
defense regime to preclusion cellular damage by ROS (Hayat
et al. 2012). Intracellular enhancement of GSH levels and the
presence of metal ions in toxic levels already stimulate the
production of phytochelatin (PC), which is primarily included
in a scavenge of metals and their charge neutralization (Tsuji
et al. 2003). Consequently, -SH group production commonly
increases under metal stress conditions, and this was also ob-
served in our experiments (Fig. 2a, c, ¢). Some authors (Le
Faucheur et al. 2006) have mentioned that the ability of metals
to induce the elevation of GSH and PC levels in the green alga
Scenedesmus vacuolatus or diatom Thalassiosira sp. can
grow in the following order: Zn < Ni < Cu. This does not

correspond to our results, where this order was designated as
Ni < Cu < Zn (Fig. 2a, b, ¢). Copper is known that produces
highly reactive hydroxyl radicals in Haber-Weiss reaction
similarly as Fe (Gunther et al. 1995), so there is a very high
probability that changes in thiol content can be detected very
soon because it is one of the first parameters that changed
during increasing of the level of oxidative stress. However,
due to our knowledge, there are no publications that measured
this parameter at the presence of Cu, Ni, or Zn in
R. subcapitata, and for this reason, we do not introduce these
data in Table 4.

A hydroxyl radical is the most dangerous form of ROS.
Because of its high reactivity, it can immediately oxidize the
closest biomolecules such as pigments, proteins, lipids, and
DNA (Karuppanapandian et al. 2011). For the ability of
metals to enhance ROS production in Chlamydomonas sp.
cells, metals were arranged in the following descending rank
order: Pb** > Fe®* > Cd** > Ag™ > Cu®* > As** > Cr%* > Zn**
(Szivak et al. 2009). Copper (Cu) is more effective in the ROS
level increasing, and its intracellular activity can result in more
effective protein and lipid oxidation in algal cells than that of
Ni or Zn (Table 4; Mehta and Gaur 1999; Soto et al. 2011).
For the ability of Cu, Ni, and Zn to induce lipid peroxidation
in Chlorella vulgaris, Mehta and Gaur (1999) arranged these
metals in the order: Cu > Ni > Zn. Similarly, in our tests, Cu
was confirmed to be the most toxic metal for this parameter
(Fig. 2b, d, f). Production of TBARS in the lowest concentra-
tion (0.093 mg 1) surpassed that of the control nearly two
times and rapidly increased with increasing concentration.
This was also statistically confirmed by a highly positive cor-
relation in Table 3 (r = 0.9442, P < 0.001). The ability of
metals to activate lipid peroxidation decreased in the follow-
ing order: Cu >> Ni > Zn. Despite the fact that we could only
compare the agreement of our results with the work of
Devasagayam et al. (2003), we assume that TBARS assay
can interfere with some other cellular substances. In our
TBARS assay, butylated hydroxytoluene was used for the
prevention of autoxidation of unsaturated organic compounds,
but that does not quite limit the concentration of interfering
substances. It would be useful to modify this assay to allow
more accurate results.

Conclusion

Pollution of the environment, including waters, is constantly
increasing due to the intensification of agriculture and indus-
trial activity. One of the serious environmental problems for
the aquatic environment is also metal. They can act as stress
factors and significantly affect all trophic levels of the aquatic
ecosystem. Because algae represent a basic trophic level in
water and are a source of food for many aquatic organisms,
it is important to know and describe all risks that may be
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associated with changes in their environment and be reflected
in changes in their production and vital abilities. Research
aimed at a more thorough understanding of the relationships
that occur between living organisms and their environment, in
this case in water, provides, in any case, important knowledge
about the functioning of the aquatic ecosystem and its ability
or inability to cope with stress. Except stress factors determi-
nation, the novelty of the results presented here also consists
in expressing the correlations between the production and
stress factors to which algae are permanently exposed in the
current state of the aquatic environment. Knowing the corre-
lations will make it possible to predict how the aquatic eco-
system will behave in the event of increased adverse pressure.
The results obtained can also serve as a useful source of in-
formation in environmental risk assessment.

Here present study focused on the effects of Cu, Ni, and Zn
on selected physiological and stress parameters of alga
Raphidocelis subcapitata. ECX values determined for growth
inhibition of this alga in 96-h tests provided evidence that Cu
is more toxic than Ni or Zn. A similar result was obtained by
the observation of specific growth rate (SGR). Besides growth
parameters, the content of photosynthetic pigments (Chl a,
Chl b, and Car) depending on the concentration of the tested
metals was also evaluated as one of the production parameters.
The level of intensity of defensive mechanisms indicated that
algal suspension of R. subcapitata responds to the presence of
Cu or Zn by a greater production of reduced -SH groups than
in the presence of Ni. Cu or Zn induced higher production of
ROS than Ni. Although TBARS (thiobarbituric acid reactive
substances) production was statistically significant in the pres-
ence of Zn or Ni, the ability of these metals to induce lipid
peroxidation was negligible as compared with that of Cu.
Copper induced 6 times higher lipid peroxidation in
R. subcapitata cells than Zn or Ni. Pollution of aquatic eco-
systems or wastewaters, however, is usually not due to only
one pollutant. On the contrary, varied substances input into the
environment and their reciprocal interactions and impact on
biota, including algae, are relatively unknown. Tests, in which
the effects of individual metals on organisms are followed, are
basic for the study of their toxicity on organisms. From the
perspective of more complex information about the effects of
metals, it is necessary to focus attention primarily on the mon-
itoring of the paired combination effects and interaction rela-
tions and include the research of oxidative stress level, too. In
the presence, there are some pioneer publications focused on
the monitoring of pollution in the aquatic environment.
Development of new tools for fast assessment of ecotoxico-
logical risk was rarely published (e.g., Moore et al. 2004;
Rodrigues et al. 2021). For example, using of urban wet
weather discharge (UWWD) management that focuses on
UWWD, which often represents a significant source of pollu-
tion in all aquatic bodies (Gosset et al. 2019). In these bioas-
says, R. subcapitata together with Chlorella vulgaris,

@ Springer

Daphnia magna, and Heterocypris incongruens are included.
Moreover, microalgae growth inhibition assays are candidates
for referent ecotoxicological assays that reduce the use of fish
and other animal models in aquatic toxicology (Expdsito et al.
2017).
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